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Abstract 
Transpired metal plate has been widely used as solar collectors in buildings. However, there are only a few studies on 
heat transfer of transpired plate for solar collector applications. In addition, most of them were based on uniform flow 
distribution which assumed that air temperature in the plenum is always constant. In this paper, the heat transfer of 
the system was analysed through two different airflow directions i.e. normal to the hole (normal flow) and from the 
bottom to the top in the plenum (vertical flow). From the experimental results, it was found that the contribution of 
vertical flow in total air temperature rise was 40% and above. Hence, the heat transfer from the back-of-plate to the 
air in the plenum is inappropriate to be ignored. The theoretical calculation was based on an average value instead of 
local heat transfer. The thermal performance of the system was also simulated by using the present model and 
compared with previous study. The results were comparable in terms of heat exchange effectiveness. Hence vertical 
flow should be included in the thermal performance evaluation when the flow uniformity is uncertain.  
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1. Introduction 
Solar air heating technology has been widely used in buildings. One of the solar air heaters is the 
unglazed transpired type, which  is cheaper and  easier for installat ion compared with the glazed type. The 
heat transfers of the transpired plate occur at the front-of-plate, the holes and the back-of-plate. The hole 
diameter, pitch, plate porosity and airflow velocity are the key factors influencing air heating capacity. 
However, there are only a few studies on heat transfer of transpired solar collector applicat ions and most 
of them are based on uniform flow distribution condition- constant air temperature of vert ical flow.  
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Nomenclature
Ap Surface area of transpired plate, m2 Subscription
cp Heat capacity, Jkg-1K-1 a Ambient air
d Hole d iameter, m air-wall Between plenum air and sandtile wall 
D Plenum depth, m bp-air Between back-of-p late of transpired 
plate and plenum air
G Suction mass flow rate per unit area, kgs -1m-2 conv Convection
H Plenum height, m f Air in plenum  
I Solar irradiance, W m-2 i Air entering into plenum, K 
k1 Conductivity of sandtile wall, W m-1K-1 in Inlet 
k2 Conductivity of insulation layer, W m-1K-1 loss,wall-
room
Heat loss from sandtile wall to wall 
attached to the room
L1 Thickness of sandtile wall, m out Outlet 
L2 Thickness of insulation layer, m p Plate 
Mass flow rate, kgs-1 p-air Between transpired plate and ambient
air
Nu Nusselt number p-sur Between plate and surrounding
P Porosity, % p-wall Between back-of-p late and sandtile 
wall
Pit Pitch, m r Wall attached to room 
Q Heat, W rad Radiat ion heat transfer from plate to 
surrounding
Re Reynolds number 
T 
UL
Temperature, K
Overall heat transfer coefficient between sandtile
wall and insulation layer
D
Hp p
Greek symbols
Absorptivity 
Emissivity of black painted plate
Uw Wind velocity, ms-1 Hbp Emissivity of alumin ium plate
Hw Emissivity of sandtile wall
V Stefan–Boltzmann constant, 5.67×10-8
Wm-2K-4
vs Air velocity, ms-1
Heat exchange effectiveness, %
K Efficiency, %
 H.-Y. Chan et al. /  Energy Procedia  42 ( 2013 )  123 – 132 125
 
Andrews and Bazdid i-Tehran i [1] have developed the Nu correlation for square arrays of holes with 
1.9<Pit/d<22.  However the mass flow rate of 0.1<G<1.7kgm-2s-1 was too high for air heating purposes. 
Kutscher [2] has developed an empirical correlation of Nusselt number which is appropriate for th in 
transpired plate solar collectors with porosity less than 2%, low suction flow rates and triangular hole 
arrays. To-date, this is the only study considering the porosity, hole diameter and crosswind conditions to 
reach the empirical correlation Nu. The correlation covered heat transfers from the front -of-plate, hole 
and back-of-p late but excluded the vertical airflow in the p lenum. In  addition, it  should be highlighted 
that the tests were carried out under the uniform airflow condition. The results showed that the front 
surface is the main  heating source at flow rates of 0.02 to 0.07 kgm-2s-1. The Nu for the narrow transverse 
spacing is correlated as Nu=2.75[(Pit/d)-1.2Re0.43+0.011PRe(Uw/vs)0.48] with 0.001dPd0.05 and 
100dRed200 [2]. Aru lanandam et.al [3] studied the Nu correlation fo r transpired p late with  circular holes 
on a square pitch arrangement by Computational Fluid Dynamics (CFD) simulations. The correlation of 
Nu is developed with assumptions of no wind conditions and excluded the effect of back -of-p late heat 
transfer. On  the other hand, Augustus and Kumar [4] developed the mathematica l model to analyse the 
heat performance of a transpired solar collector based on the Nu correlation developed by Kutscher [2].  
 
The above studies were all based on the uniform airflow condition, but for large scale applications, the 
airflows might not uniform, and this was verified by infrared photographs [5]. As mentioned in 
Gunnewiek et.al’ CFD study [6], the non-uniform airflow could  results in  heat transfer from the back-of-
plate to the vertical flow in  the plenum. The range of collector height was 3.0 dHd6.0 m, and the p lenum 
aspect ratio range was 10 dH/Dd50. The average velocity in the plenum was in the range of 
0.005dvsd0.08m/s. The results showed that the parameter settings had the direct influence on airflow 
profiles, and the results indicated that heat transfer from the back-of-plate to the vertical air in the p lenum 
when the flow was possible if the flow was non-uniform. In  addition, a computer program has been 
developed by Dymond and Kutsher [5] to predict flow uniformity and the efficiency of transpired 
collector based on pipe networks concept. For a collector with a single exit  at the top center, it  was found 
that the face velocity in front of the exit was the highest and decreased dramatically away from the exit. 
This was because the top left and right corners of the collector had higher pressure drops. Even though the 
airflow over the collector surface might non-uniform, however the effect of the non-uniform flow was not 
studied. The authors acknowledged that heat transfer from the plate to the  air in the plenum was possible, 
as indicated by Gunnewiek et. al [6],  but this part of heat transfer was ignored due to the absence of heat 
transfer correlat ion between the back-of-plate and the vertical airflow. 
 
In summary, Nu correlations have been studied by many researchers based on uniform flow 
distribution [2, 4, 5]. However, Dymond and Kutscher [5] and Gunnewiek et. al [6] found that the effect 
of the airflow uniformity on the transpired plate thermal performance is crucial. Under the non -uniform 
condition, the air temperature in  the plenum is not constant throughout the plenum and hence the 
correlation based on uniform flow is inappropriate to apply in this regards. Furthermore, in practice it  is a  
challenge to maintain a very un iform flow distribution. Local pressure drops need to be measured to 
ensure the uniformity of the flow distribution. In this paper, the thermal performance of the transpired 
solar collector was evaluated based on a simplified heat t ransfer concept when the unifo rmity of the  flow 
was uncertain. The results were also compared with the Kutscher’s model data [2].   
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2. Schematic Configuration and the Mechanism of the Heating System 
Fig. 1(a) illustrates the side view of an air heating system with transpired plate. The air is drawn b y 
fan and heated by the plate. The heated air is then ducted into the building for space heating or dry ing 
purposes. 
3. Experiment Set Up  
Fig. 1(b) illustrates the schematic view of the experimental set up. A  plate is attached with three other 
solid walls to fo rm a plenum. The plate was a black painted aluminium sheet with 2m in height, 1m in 
width, and 0.001m in  thickness. The porosity (rat io of hole area to total surface area) of the transpired 
plate was 0.84%, with a circular hole diameter of 0.0012m, a pitch distance of 0.012m in t riangular 
geometry. The sandtile wall was made of eight sandtile b locks (0.25mx0.25mx0.055m for each block). 
The other two adjunction walls were rigid polyisocyanurate foam boards with glassfibre 0.07m in 
thickness and thermal conductivity of 0.023W m-1K-1. The dimension of opening at the top of the p lenum 
was 0.23m x 1.0m. The rat io of H/D ranged from 6 to 10 were chosen in this study, and the depth of the 
plenum (D), which was the air gap between the plate and the sandtile wall was adjusted accordingly for 
0.02m, 0.25m and 0.30m. In addition, two fans (105W each) were installed at the air outlet. Whereas K-
type calibrated thermocouples were used to measure air, plate and wall temperatures. The locations of 
thermocouples between the wall and the plate (the p lenum) were in line with the thermocouples on the 
sandtile wall.  The thermocouples were then connected to a computer-controlled data logger. Apart from 
this, air velocities sensors were installed at the centreline of the plenum and at the outlet of the plenum. 
Besides, solar radiation  intensities were measured by a pyranometer, which  were the average value at  the 
different points on the plate. In order to reach a steady state, the sensor output data were not recorded 
until two  hours after the test began, when the constant temperatures were achieved. Temperatures were 
then taken every minute for the next 30 minutes.  
3.1 Sensors accuracy and calibration  
The operating temperature range for the K-type thermocouple is -50 to 250oC with the manufacturer 
accuracy of r1.5 o C. The thermocouples that were used in this study were then calibrated with a mercury 
thermometer with accuracy of r0.2oC for temperature ranges from 10 to 70o C. On the other hands, the 
measuring range of the hotwire anemometers is between 0.13 to 50.80ms -1 with accuracy of ±2% at 
operating temperature of 273K to 366K.  
 
 
 
 
 
 
(a)                                                                                                        (b) 
Fig. 1 Schematic diagrams of (a) unglazed transpired plate as solar collector façade (side view); (b) experimental set up. 
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4. Theoretical  Analysis  
4.1 Assumptions
Due to complication of the heat transfer process of unglazed transpired plate, some assumptions have 
been made as follows:
i) The radiat ion heat loss over the surface of the t ranspired plate is everywhere constant as this has
been proved that it has a modest effect on the flow distribution [6]. 
ii) The heat convection losses are negligib le and have been verified by previous study [3]. 
iii) No reverse flow over the plate as the face velocit ies in this study are higher than 0.0125ms -1 [6].
iv) The air p roperties are constant throughout the plenum (maximum air temperature difference
between the inlet and outlet is about 10K in this study).
4.2 Energy balance equations
Energy balance equations are established for three components of the system, i.e. the unglazed transpired
plate, plenum and the sandtile wall. The heat transfers of the system are as shown in Fig. 2.
The unglazed transpired plate
The fan-assisted system draws the ambient air through the holes so that heat is captured by the air 
flows into the plenum. Thus, there will have very  small amount of convection heat loss to the ambient
which indeed can be ignored [4, 5, 7]. The energy balance equation on the unglazed transpired plate is
shown in Eq. (1).
The plenum
Due to the uniformity of the flow is uncertain, the air which heated by the front and holes of the 
transpired plate might be further heated by the back-of-plate. Thus, energy balance equation of the air
inside the plenum is obtained as Eq. (2).
Fig. 2. Heat transfers of the unglazed transpired solar collector and terminologies of the flow directions.
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The sandtile wall
The sandtile wall is insulated at the backside of plenum. The wall gains heat from the heated air and
the transpired plate, and it losses heat through the insulation layer. The energy balance equation of the
sandtile wall is shown in Eq. (3).
Radiation heat loss from the front of transpired plate
The radiation coefficient is given in Eq. (4) where the emissivity (HP) of black paint is taken as 0.95 [8].
Radiation heat transfer between the transpired plate and the sandtile wall
The radiation coefficient is given in Eq. (5), where the values of emissivity for the aluminium sheet (Hbp)
and sandtile wall (Hw) are 0.09 [9] and 0.84 [8] respectively.
Wall heat losses
The heat loss from the sandtile wall is given as Eq. (6). Thickness of sandtile wall (L1) and insulation 
layer (L2) are 0.055 and 0.070m respectively; and the conductivity of sandtile wall (k1) and insulation 
layer (k2) are 1.07 and 0.023W m-1K-1 respectively [10].
(6)
where 
System efficiency
The system efficiency is the ratio of the useful energy delivered to the total solar energy input on the 
transpired plate, and it is given as:
Heat exchange effectiveness
The heat exchange effect iveness is defined as the ratio of the actual temperature rise of air to the
maximum possible temperature rise [3]:
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5. Results and Discussions
5.1 Wall heat losses
The total heat losses of the sandtile wall are calculated by using the Eq. (6). Results found that the heat 
losses are less than 0.5% of the total useful energy delivered. Thus, all the heat transfers that involve 
sandtile wall would therefore be ignored.
5.2 Thermal performance analysis
The thermal performance was investigated by analysing the rise in air temperature, system efficiency
and heat exchange effectiveness at different mass flow rates and solar radiation intensities. Although the 
studies carried out for three different plenum depths, due to they showed the same trends only D= 0.25m 
will be shown in figures for illustration purposes. Under the operating conditions in present study, the 
measured air velocity in the plenum for such case ranged from 0.20 to 0.30ms -1. 
Air temperature rise
The experiments were carried out under Ta ranged from 300-302K. Fig. 3 (a) shows the air temperatures
at constant solar radiat ion intensity (I) of 614W m-2 at various airflow rates. The total rise in air
temperature (Tout-Ta) can be divided into two parts, i.e . (Ti-Ta) and (Tout-Ti). The temperature rise of (Ti-Ta)
is the temperature difference between the heated air after passing through the holes (normal flow) and the
ambient air. Whereas the (Tout-Ti) is the temperature change in the vertical flow from the bottom to the top 
of plenum. (Tout-Ta) and (Tout-Ti) decrease gradually with the mass flow rate. The temperature rise of 
vertical flow accounts for about 40 to 50% of the total rise in air temperature. On the other hand, Fig. 3(b)
shows the values of air temperature rise under different I. The temperatures of both normal and vertical
flows increase with the I with measured Tp increases from 312 to 328K. The contribution from vert ical
flow becomes more significant when the I is increased. At high intensity e.g. 820W m-2, the share of air 
temperature rise in  vertical direct ion is 59% of the total air temperature rise, which  is 18% more than the
normal d irect ion. So, this indicates that the heat transfer from the back-of-p late to the air in  the plenum is
significant.
(a) (b)
Fig. 3. Air temperature rise for normal and vertical airflows for D= 0.25m over  (a) airflow rates; (b) solar radiation intensities
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(b) 
Fig. 4(a) System efficiencies and (b) heat exchange effectiveness from experiment results at 614Wm -2 of solar radiation 
System efficiency (K) and heat exchange effectiveness (ɛHX) 
The efficiency and heat exchange effectiveness at different mass flow rate are shown in Fig 4(a) and 
(b) respectively. Results show that higher mass flow rate gives higher system efficiency but lower ɛHX. 
Therefore, a h igher value o f system efficiency would have lower rise in air temperature. In this study, the 
efficiency of the system is between 77 to 95% and the heat exchange effect iveness is between 52 to 65%. 
These findings show that choosing an appropriate mass flow rate is crucial, in order to meet the heating 
demand. Typical mass flow rates range from 0.011kgs -1m-2 to 0.057kgs-1m-2 [7]. For ventilation 
preheating, the min imum requirement is 0.057kgs -1m-2, and the maximum efficiencies would be about 
87%, 92% and 85% for plenum depths of 0.20m, 0.25m and 0.30m respectively. As for heat exchange 
effectiveness, the maximum values would be 53%, 57% and 54% for p lenum depth of 0.20m, 0.25m and 
0.30m respectively. These give temperature rises of 9K and above at solar radiation intensity of 614W m-2. 
If lower rise in air temperature is required, the solar collector would have more flexibility in terms of 
colour options whereby lower absorptivity colours can be chosen. In the view of aesthetics, this is one of 
the most important aspects for building integration technologies. In contrast, Fig. 5 shows the 
performance results at various solar rad iation intensities. Both K  and ɛHX increase with the solar rad iation 
intensity. The efficiency of the system is in the range of 68 to 96% and the heat exchange effectiveness is 
52 to 69%.  
 
Under the same operation  parameters, a  plenum depth of 0.25m g ives the highest performance among  
the three studied depths. One of the possibilities for 0.25m having the best performance is the flow 
pattern. In the plenum, there are two types of flows, i.e. buoyant flow driven by temperature differences 
and forced flow developed by the fans. The buoyant flow causes the air flows  from the bottom to the top 
while the forced flow draws more air at the top than the bottom. If the flow distribution over the plate is 
uniform, the forced flow is dominant, and the tendency of the flow in vertical d irection is decreased.   
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
(b) 
Fig. 5(a) System efficiencies and (b) heat exchange effectiveness from experiment results at various solar intensities. 
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This is especially when the plenum depth is narrow (high value of H/D) and it is because of high 
acceleration and wall fict ion. This phenomena is clearly  shown in  Gunneweik et al.’ study when the H/D 
is higher than 40 [6]. In contrast, if the flow distribution is non-uniform, buoyant flow might take place 
and hence the heat transfer of back-of p late to the air. A lso, results from Gunnweik et al.’ study show 
higher efficiency when the flow is buoyancy dominated. Therefore, flow throug hout the plenum depth of 
0.25 and 0.30m might be dominated by buoyant flow while 0.20m is dominated by forced flow. In 
addition, 0.25m might be the optimum depth (H/D=8) for the studied range of flow rate compared to 
0.30m;  and when forced flow is dominant in 0.20m, the performance tends to decrease. 
5.5 Comparison of heat exchange effectiveness between the present and previous models  
Most of the heat transfer correlations for the transpired collector were developed from heat exchange 
effectiveness, HHX [3]. Thus, HHX, is chosen for the comparison between the modelled and measured 
results. The modelling results agree with the experimental data (Fig. 6), with maximum error less than 
7.9%. In addition, the heat performance simulat ion has been carried out by using Kutscher’s correlation: 
Nu=2.75[(Pit/d)-1.2Re0.43+0.011PRe(Uw/vs)0.48] with 0.001dPd0.05 and 100dRed200 [2], and are 
compared for three d ifferent plenum depths (Fig. 7). Though Kutscher’s study assumed that the 
temperature is constant in the vertical flow, which is contrast to the present study that the temperature is 
increasing gradually, Kutscher’s model gives the values of outlet air temperature that are close to the 
experiments. Hence, the results of HHX are comparable with present study. However, they are only limited 
to I above 400W m-2 for all different depths. Therefore, the heat transfer concept  in this study can be an 
alternative method to evaluate the thermal performance even the uniformity of the flow is uncertain. 
Furthermore, present model is able to simulate the mean air temperature in the plenum too. 
 
 
 
 
 
 
Fig. 6. Comparison of heat exchange effectiveness between modelling and experiment results of present study 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
                                               
                                                    (c) 
Fig. 7. Comparisons of heat exchange effectiveness between Kutscher’s model [2] and experiment results for plenum depths of (a) 
0.20m, (b) 0,25m and (c) 0.30m. 
●Kutscher (<400W/m2)
●Kutscher (>400W/m2)
* Present
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6. Conclusions 
The thermal performance of transpired solar collector is analysed over ranges of solar radiation intensity 
and mass flow rate. The rise in air temperatures, system efficiencies and heat exchange effectiveness were  
discussed according to experiment results. The values of air temperature rise were evaluated in two 
directions, i.e. the normal flow through the holes and the vertical flow from the bottom to the top of the 
plenum. Heat transfer rate of the normal direction is about 10% more than the vertical direction at low 
solar radiat ion intensity; however at high solar radiat ion intensity (over 800W m-2), the vert ical flow gives 
higher air temperature rise compared  to the normal. The system efficiencies range from 68 to 96% and 
heat exchange effectiveness range from 52 to 69%. The heat transfer from the p late to the air is evaluated 
as an average instead of local heat transfer. The values of heat exchange effectiveness are modelled this 
study and compared with the results from the experiments and a previous model. Though the present 
study included vertical flow in the energy balance, the values of the simulated heat exchange 
effectiveness are close to the previous study’s model results. Hence, present method can be used as 
alternative method to evaluate the thermal performance of trans pired plate solar collector even though 
uniformity is uncertain.  
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